Abstract: Wells turbine is a self-rectifying turbine capable of converting pneumatic power of the periodically reversing flow (air or water) stream in oscillating ocean waving water column into mechanical energy. However, such turbines suffers from low aerodynamic efficiency, low power produced, and narrow operating range. To enhance the Wells turbine performance, the present work proposed that a new operating concept where the turbine is immersed in water. This gives the privilege of operating the turbine with a fluid having higher specific weight fluid instead of air. This paper presents a numerical investigation of the Wells turbine performance operating under steady unidirectional flow conditions. The studied parameters are the turbine efficiency, torque coefficient, and the turbine total pressure drop coefficient. The results are performed by solving numerically the steady 3D incompressible Reynolds Averaged NavierStokes equation (RANS) using ANSYS FLYENT v16.2 commercial code. The results demonstrate that a substantial improvement in the turbine performance where the maximum percentage increase in turbine efficiency is about 4 times its efficiency in air, and the maximum percentage increase in turbine power reaches to 4.5 times increase at flow coefficient of 0.275. Furthermore, and a wider range of operation is achieved by using water instead of air as a working fluid which mean that the stall point is delayed. Using Wells turbine immersed in water is a promising issue for further investigations. 
Introduction
The extensive depletion of the conventional sources of energy has forced the mankind to explore every possibilities lying beneath the nature. A new worldwide interest in renewable energy sources arose recently from the running out of traditional energy sources and the overall pollution growth. In the last two decades, efforts have been devoted, among all, to sea wave energy. Oceans contain a large amount of energy, and harnessing the energy is a challenging task because of several factors such as uncertainty of the sea wave or current and natural calamities, etc. OWC (oscillating water column), which is a wave energy system, uses an impulse or a reaction turbine to extract energy from the waves. Wave energy is a new promising source of renewable energy in Egypt. Recent investigations show that some locations in the north cost of Egypt are convenient for wave energy conversion (WEC) [1] . Wave energy devices based on the principle of oscillating water column (OWC) are the most practicable for wave energy conversion [2] . Raghunathan [2] presented an extensive review on the performance of the different types of Wells turbines generating energy from oscillating water columns. The Wells turbine is an axial flow self-rectifying low-pressure air turbine which rotates continuously in one direction. The turbine blades are constructed using symmetric air foil and the angle of attack on the airfoil is 90 0 .
Many authors have attempted to improve Wells turbine performance. Gato et al. [3] and Curran and Gato [4] experimentally investigated the performance of several designs. Kim et al. [5] numerically investigated the effect of blade sweep on the performance of Wells turbine. Setoguchi et al. [6, 7] investigated the performance of Wells turbines with various design modifications such as the use of inlet guide vanes and self-rectifying turbines. Brito-Melo et al. [8] numerically investigated the effect of turbine design parameters on the overall plant performance. Dhanasekaran and Govardhan [9] presented computational analysis of Wells turbine performance. Raghunathan et al. [10] studied the effect of inlet conditions on the performance of Wells turbines. The effect of geometric parameters on the performance of Wells turbine such as blade geometry [11] , blade setting angle [12] , use of end plates [13] and tip clearance [14] have been investigated. In order to enhance the performance of the Wells turbine, some of its rotor blade profiles have been tested under steady flow inlet condition. It has been found by [15] that the optimum blade profile for small-scale Wells turbine, which is installed in wave energy plants such as the navigation buoy [16] (that is, the turbine is operated at a low Reynolds number) is NACA0020. On the other hand, for large-scale Wells turbines, which are installed in wave energy plants such as the LIMPT system [17] , (that is, the turbine is operated at a high Reynolds number) it has been found by [19] that the optimum blade profile is NACA0015.
Wells turbines could be equipped with guide vanes to improve turbine efficiency and self starting characteristics. The effect of guide vanes on constant chord [19] and variable chord [16] Wells turbine has also been studied. However, turbines with guide vanes stall before those without guide vanes [19, 20] . Guide vanes also increase turbine maintenance time and cost and therefore reduce its availability and reliability. Taha et al. [21, 22] studied the effect of tip leakage flow on the performance of Wells turbine with uniform tip clearance [21] and also with non-uniform tip clearance [22] . They showed in both studies that tip leakage flow strongly influences the turbine performance and affects the process of turbine stall. Shaaban and Hafiz [23] investigated numerically the effect of duct geometry on the performance of Wells turbine. Thakker and Abdulhadi [24] studied the effect of blade profile and solidity on the performance of large scale Wells turbine under various inlet flow conditions such as sinusoidal and real sea conditions operating under bi-directional unsteady flow conditions.
On the other side, using air turbines to be immersed in water gives promising performance. Such hydrokinetic turbine, one of the most emerging technologies for power generation, has
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According to the previous studies, Wells turbine still suffers from low aerodynamic efficiency, low power produced, and narrow operating range. Consequently, the present paper objective is to improve the performance of Wells turbine. This is achieved by immersing the such turbine inside water. It is notable that using air turbines to be immersed in water is not a new idea. However, the novelty of the present work is to apply such idea on Wells turbine. This gives the privilege of using fluid having higher specific weight than air. The Wells turbine is investigated while having symmetrical NACA 0015 blades. The results are performed by solving numerically the steady 3D incompressible Reynolds Averaged Navier-Stokes equation (RANS) using ANSYS FLYENT v16.2 commercial code. the studied parameters are the flow coefficient, pressure coefficient, torque coefficient and turbine efficiency.
System Layout
The conventional Wells turbine is shown in Fig. 1a where the oscillating water surface compresses the air when it moves upward and withdraws air when it moves downward. The free water surface thereby, converts the oscillating wave motion into bidirectional air flow through the Wells turbine. On the other side, Fig. 1b introduces the concept of the present work where the Wells turbine is immersed in water.
In Fig. 2 demonstrates the operation of the Wells turbine when using air or water as a working fluid. The flow at the angle of incidence, α will generate lift force L normal to the free stream and a drag force D in the free stream direction. These forces can be resolved into a tangential component F , which creates torque around the axis of the turbine and an axial component F which causes thrust along the axis of the turbine [9] . Thus, for a rotating turbine in oscillating flow, the angle of incidence varies from positive to negative value with the mean value of 0. As the flow facing the large area of the turbine blade along the chord length of the blade, the drag force faces the large area of the turbine blade. These forces can be resolved into a tangential component F , which creates torque around the axis of the turbine and an axial component F which causes thrust along the axis of the turbine [9] . Considering the airfoil being symmetrical, tangential force F acts in the same direction independently of positive or negative values of the angle . In this way, unidirectional torque from an oscillating flow is created [9] .
It is notable to emphasize that the blades of Wells turbine are positioned symmetrically with respect to the plane normal to the central axis. This type of blade positioning makes the turbine non-sensitive to the incoming flow direction (bidirectional flow). The tangential force of the rotor acts only in one direction even though airflow oscillates (bidirectional flow). Consequently, the turbine rotates always in the same direction and runs the electrical generator regardless of the airflow direction. Main disadvantages of Wells turbine are; its low aerodynamic efficiency and low power produced, and narrow operating range. In order to enhance the performance of turbine, it is required to reduce its losses. The losses include flow separation and several vortices formation in the passage. The vortices act in terms of flow separation and turbine performance drops. Singular separation or ordinary separation is created by stall in a turbine blade. In the stall condition, the flow is retarded along the wall because of adverse pressure gradient and viscous shear stresses. As a result, the fluid element near the wall can no longer proceed in a forward direction. Several studies have been reported to improve the stalling (or delaying the stall condition) in the compressor and turbine by using circumferential casing grooves which gives a wider operating range and higher power or efficiency [26, 27] .
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Computational Methodology
The Wells turbine and a rotor blade are shown in Fig. 2 . The turbine has eight rotor blades and each blade has a chord length of 0.125 m. The blade profile and the stagger angle were NACA0015 and 90 o , respectively. Because of the high stagger angle, the blade faces a high drag and the flow starts separating after a certain flow coefficient . The other stagger angles do not work in this turbine as the alternating velocity of the air particles hits the blade surfaces from the opposite end of the duct and the turbine rotation becomes unique. The detailed profile is given in Table 1 . In the present work the effect of using water as working fluid on Wells turbine performance is numerically investigated by solving the steady 3D incompressible Reynolds Averaged Navier-Stokes equation (RANS) for a unidirectional water flow. Turbulence is modeled using the realizable k-ε model. Enhanced wall functions are used in the near wall flow modeling. The combination of the realizable k-ɛ model and the enhanced wall functions enables good prediction of the aerodynamic performance.
The rotor is modeled using the Moving Reference Frame technique (MRF). The basic governing equations are solved in the absolute frame and discretized by the finite volume method using the CFD code ''Fluent'' v16.2. The discretization schemes used here are standard scheme for pressure, SIMPLEC algorithm for pressure-velocity coupling and second order upwind scheme for momentum, kinetic energy (k) and turbulence dissipation rate (ɛ). The SIMPLEC algorithm used for pressure-velocity coupling reduces the effect of mesh skewness on the final solution. The solutions were considered once the maximum residual values were reached to 10 −4 for the continuity, momentum, and turbulence equations. The turbulent intensity was 5%. Wells turbine rotor geometry used in the present numerical investigation is the one experimentally investigated by Curran and Gato [4] . Table 1 provides the specifications of the investigated Wells turbine. The turbine rotates at a constant angular velocity of 2000 rpm. A single blade was used for the computations. The computational domain and the computational mesh are shown in Fig. 3 and Fig. 4 , respectively. The computational domain is restricted to one blade-to-blade passage due to turbine symmetry around the axis of rotation. Periodic boundaries are imposed in the tangential direction of the computational domain. The computational domain is limited to four and eight blade chord lengths upstream and downstream the rotor. The grid consists of unstructured tetrahedral elements. Fine grids were employed near the blade surface so that proper boundary layer flow physics can be captured. The total numbers of elements in the domain is 2,580,800. Uniform velocity is applied at the computational domain inlet, while outlet pressure boundary condition is used at the domain outlet. No slip wall conditions are considered for the blades, shroud and hub surfaces. The flow coefficient which is a ratio of fluid velocity to turbine tip velocity was varied from 0.075 to 0.32 and the turbine rotational speed was kept constant (2000 rpm). Hence, the blade tip velocity was constant. The flow velocity was varied from 3 m/s to 25 m/s to change the flow coefficient . Table 2 shows meshing and boundary conditions.
Results and Discussions
To accept any result obtained from a CFD simulation, grid independency test and validation with existing results are inevitable initial works. The present research work begins with mesh generation, mesh independency, validation of the CFD model with the experimental result and another CFD result and then the effect of working fluid on turbine performance is investigated.
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Mesh Independent Study
A mesh size independence test was performed to ensure minimum influence of mesh size on the CFD results. The mesh size was increased in five gradual steps from 1,440,182 cells to 4,057,831 cells while maintaining the normalized wall distance y+ < 1 at the same flow coefficient. This test showed that the maximum percentage variation in torque coefficient is ±1.95%, in efficiency ±1.85% and in pressure drop ±0.8%. Fig. 5 presents the effect of mesh size on simulated turbine efficiency at = 0.15. The high quality fine mesh with cell size 2,580,800 cells was used throughout the present work where the numerical results are independent of mesh size.
Table1. Turbine model specifications.
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The flow coefficient is varied by varying the axial flow velocity , while keeping the rotational speed constant. The solution is initialized in the absolute reference frame where all default values are used for the initiation of the solution. All under relaxation factors are also kept at their default values during the solution. In Fig. 6 , the computational results were validated with the experimental results of Curran and Gato (1997) [4] and with other CFD results [14, 30, 31] . The turbine performance is expressed in terms of three non-dimensional coefficients versus with the turbine flow coefficient :
The torque coefficient CT)
where is the rotor torque, is the air density, is the angular velocity and is the tip radius.
where ∆ 0 is the total pressure drop. Turbine efficiency ( )
where is the volume flow rate.
Calculations are performed at different values of flow coefficient beginning with a value of = 0.075.
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A validation curve of the turbine efficiency has been achieved against flow coefficient as shown in Fig. 6 (a) . The CFD results were with good agreement compared with the previous experimental work [4] , but at the flow coefficient range from 0.1 to 0.15, the CFD results show a little bit under estimation values. In Fig. 6 (b) , the present CFD results show an over estimation of the torque coefficient with respect to the results of [4] at the flow coefficient range from 0.225 to 0.25. But beyond this range, there was a good agreement of the present CFD results and previous experimental work [4] in wide range of flow coefficient.
However, the present CFD validation was more close to the experimental work [4] compared with the CFD results of [14, 23, 28] especially in the flow coefficient range from 0.25 to 0.32, where the CFD results of [30] were so far from both CFD present results and previous work [4, 14, 31] as shown in Fig. 6 (a and b) . In addition, the CFD results of pressure coefficient were close to the previous experimental and theoretical work of [4, 14, 23] in the range of flow coefficient from 0.1 to 0.25 the results of [28] were over estimated.
At the flow coefficient range from 0.25 to 0.32 the CFD results were under estimation and the results of [14, 23] were over estimated as shown in Fig. 6 (c) . Accordingly, The CFD technique has been widely accepted as an analytical tool for Wells turbine. It has the advantage that it can reveal not only the performance of different Wells turbine configurations but also the flow field around the rotor blades. The adopted methodology was validated against experimental data [4] . In summary, a similar approach can be used in other turbo-machinery studies.
Analysis of Using Water as a Working Fluid on the Turbine Performance
The pressure coefficient, torque coefficient and efficiency of the turbine having different working fluids are shown in Fig. 7 .
The turbine efficiency inside water compared with its efficiency in air at different values of flow coefficients as shown in Fig. 7(a) . There is a slight increase in turbine efficiency at the flow coefficient range from 0.1 to 0.175. Otherwise, the Wells turbine efficiency enhanced significantly through the range (0.2 -0.3) .
The maximum percentage increase in turbine efficiency is about 4 times its efficiency in air at flow coefficient of 0.275. At 50% turbine efficiency, the wells turbine that is immersed in water has an operating range about 1.5 times its range in air. This is due to the specific weight of water.
In Fig. 7(b) , the torque coefficient of the Wells turbine inside water increased considerably as the turbine efficiency. This increase reaches 4.5 times its value in air at flow coefficient of 0.275. Consequently, the main reason for the increased turbine torque coefficient is the working fluid momentum. 
Effect of Flow Characteristics on Energy Conversion
A study is performed on the flow-field around the turbine blade to explain the performance of turbine when using water as a working fluid instead of air. Fig. 8 demonstrates the flow patterns around the blades. Such patterns are described by the circumferential velocity , it can be observed that the boundary layer separation of the turbine with air as a working fluid occurs more considerable than that of the turbine with water one. And the flow separation increase with increasing the flow coefficient.
As shown in Fig. 6 (a) and 6(b) the stall point occur around flow coefficient ϕ = 0.2 when using air as a working fluid but when using water instead of air the stall is delayed as shown in Fig.  7 (a) and 7(c) the stall point at ϕ = 0.275.
Conclusions
The present work introduced a new operational concept of Wells turbine where the turbine is submerged in water. Accordingly, the following conclusions are taken:
